We examined effects of the invasive, toxigenic haptophyte Prymnesium parvum on grazing rates, feeding behaviors, and life-history characteristics of clonal lineages of three daphniid zooplankton species. Grazing experiments revealed similar clearance rates for P. parvum and a common green alga. Behavioral observations revealed no significant effects of P. parvum on daphniid feeding behaviors after 30 min,
Nonnative species that enter and establish in a new habitat, whether through natural dispersal or by anthropogenic means, and cause disruptions to native biodiversity or ecosystem function, often with economic costs, have become known as invasive species (Elton 1958; Lockwood et al. 2007) . Species invasions and their typically detrimental effects have long been documented, especially those intentionally introduced into new habitats (Lockwood et al. 2007) . Recently, there has been resurgence in the scientific study of invasives, particularly in the context of community assembly, community invasibility, dispersal, and ultimate effects on native biodiversity (Sanders et al. 2003; Nathan et al. 2008; Wilson et al. 2009 ). Moreover, the frequency of nonnative species establishment and spread is increasing worldwide (Cohen and Carlton 1998; Lockwood et al. 2007 ) and seemingly linked to increasing levels of anthropogenic environmental disturbance, which may result in reduced abiotic and biotic resistance to invasion (D'antonio et al. 2001; Morrison 2002; Marchetti et al. 2004) .
While effects of invasives can vary from being negligible to resulting in mass species extinctions, of recent concern in North America is the spread of invasives that carry the threat of total ecosystem realignment, with effects spanning entire food webs, such as those following successful invasions by zebra and quagga mussels (Dreissena spp.), Asian carp (Ctenopharyngodon, Hypophthalmichthys, and Mylopharyngodon spp.), and the phytoplankter Prymnesium parvum Carter (Haptophyta, Prymnesiophyceae, Prymnesiaceae; [Granéli and Turner 2006; Hambright et al. 2010]) . A unique situation arises in the case of P. parvum because it is a microbial organism, and as such, may not be limited by dispersal, as is common for macrobial organisms (Finlay et al. 1999) , and, like many other phytoplankton, it produces a series of very potent toxins (Henrikson et al. 2010 ) that affect not only competitors and prey, but also multiple nontarget organisms, such as mussels and fish (Edvardsen and Imai 2006) . P. parvum is a toxigenic, unicellular eukaryote of marine origin that has caused nuisance monospecific blooms in brackish freshwater ecosystems around the world (Edvardsen and Paasche 1998; Manning and La Claire 2010) and has been characterized as a harmful algal bloom (HAB) species by the Intergovernmental Oceanographic Commission of United Nations Educational, Scientific, and Cultural Organization (Moestrup 2009 ). Toxic P. parvum blooms reach high densities ($ 10 5 cells mL 21 ) and are typically associated with devastating fish kills (Edvardsen and Imai 2006) . Within the last two decades, P. parvum blooms in North America have occurred progressively northward from the Pecos River watershed (southern Texas; 1985) to Lake Texoma (a reservoir on OklahomaTexas border, 2004) , and blooms of P. parvum and associated fish kills have also been reported across the southern U.S. from North Carolina to California and as far north as Pennsylvania (Hambright et al. 2010; K. D. Hambright unpubl.) . Harmful algal blooms are gaining intensity and occurring at greater frequencies worldwide due to environmental change and anthropogenic degradation, both of which are growing concerns for water management (Paul 2008) .
In North America, P. parvum blooms typically occur in late autumn-early winter and persist through the spring months, but the conditions under which P. parvum blooms and produces toxins are not well-understood (Grover et al. 2010) . Presumably, high-salinity, low-temperature, and high-nutrient conditions are important factors for toxic bloom formation in inland aquatic ecosystems. Under nitrogen-or phosphorus-limiting conditions, P. parvum produces chemicals that are believed to serve as allelopathic and predatory toxins that can suppress competing algal species and, thus, contribute to large monospecific blooms of P. parvum (Granéli and Johansson 2003b; Fistarol et al. 2005 ; but see Jonsson et al. 2009 ).
P. parvum toxins are notorious for their lethal effects on fishes, but few studies have examined the effects of P. parvum blooms and toxins on other aquatic organisms (but see Granéli and Johansson 2003a) and no study to date has investigated possible effects of nonbloom densities of P. parvum. Herbivorous zooplankton, specifically cladocerans, such as Daphnia, are keystone components in many lake food webs because of their ability to exert top-down control on phytoplankton and their role as crucial food resources for planktivorous fishes (Carpenter et al. 1985) . During a multiyear monitoring program on Lake Texoma, a reservoir on the Oklahoma-Texas border, Hambright et al. (2010) noted a negative relationship between P. parvum and cladoceran and total crustacean biomass that suggests P. parvum may be toxic to zooplankton. Indeed, during the past 4 yr, cladoceran biomass typically has been very low in Lake Texoma during the P. parvum bloom season ( Fig. 1) and preliminary investigations indicated a direct negative relationship between P. parvum and cladocerans (Kohmescher 2007) . Should P. parvum be harmful to zooplankton, there exists in lakes invaded by P. parvum the potential for indirect, negative bottom-up effects on fish, as well as direct allelopathic and predatory effects on phytoplankton and bacteria, in addition to direct mortalities associated with toxins produced during P. parvum blooms. Here, we report results from a series of feeding and life-history experiments examining the P. parvum-daphniid zooplankton interaction. Our results show that P. parvum was grazed at rates similar to the common green alga Scenedesmus obliquus. While behavioral observations revealed no significant effects of P. parvum on daphniid feeding behaviors and heart rates after 30 min, we observed major declines in daphniid appendage beat rates after 1 h. Moreover, chronic 10-d exposure to P. parvum resulted in severe reductions in daphniid growth rates, age at first maturity, fecundity, and survivorship. Our results indicate the potential for strong negative effects of P. parvum on zooplankton at relatively low P. parvum densities, and suggest that, in addition to direct fish mortality during P. parvum blooms, the entire food web of an invaded system may be subjected to potentially severe negative effects, even at nonbloom densities of P. parvum.
Methods
Algae and daphniid culturing-We used two different types of cultured algae for all experiments. Cultures of the green alga S. obliquus (Turpin) Kü tzing (syn, S. acutus Meyen; original strain from Max-Planck Institut fü r Limnologie algal collection) were grown in chemostat (5-8% daily replacement) in COMBO medium (Kilham et al. 1998) . Cultures of P. parvum (University of Texas Culture Collection of Algae, UTEX; culture LB 2797; originally isolated from the Colorado River, Texas) were maintained in continuous chemostat (8% daily replacement) or semibatch (90% volume replaced bi-weekly) cultures in modified COMBO with a molar N : P of 16 : 1 (800 mmol L 21 nitrate N: 50 mmol L 21 phosphate P) and salinities of 15 g L 21 of Instant OceanH (IO). The 6-h feeding behavior experiments were conducted with P. parvum maintained at a salinity of 6 g IO L 21 . All cultures were maintained at 25uC, on a 12-h light : 12-h dark schedule. All P. parvum cultures were continuously aerated and stirred.
D. pulicaria (clone LTPu-25) isolated from Lake Texoma, D. pulex (clone LL4-15) isolated from a small pond in northwestern Iowa, and D. magna (clone-SD3) isolated from Round Lake, South Dakota, were obtained from stock collections in the laboratory of L. J. Weider at the University of Oklahoma Biological Station. Daphniids were kept in 50-mL jars containing modified COMBO (3 g IO L 21 salinity) to acclimate individuals to salinities that would be experienced in feeding trials and life-history experiments upon addition of P. parvum. Because we only use one clone per species, nowhere in this paper do we want to suggest that any differences observed between the lineages tested are due to species identity. It is possible that the different species harbor important genetic variation for the responses studied. Prior to experimentation, animals were fed every other day with S. obliquus at 0.5 mg C L 21 . Neonates (, 24 h) were removed daily and placed in new jars. Neonates were derived from third-clutch mothers and were starved for 24 h prior to use in experiments. Prior to feeding behavior and life-history experiments, a 24-48-h standard fish toxicity assay was conducted using the test P. parvum cultures and 10-d-old fathead minnows (Pimephales promelas), to assure that the test cultures to be used in the zooplankton experiments were indeed toxic.
Grazing-We measured grazing rates by the D. pulicaria clone on P. parvum using grazer-gradient experiments (Hambright et al. 2007 ). This method involves a series of microcosms stocked with different densities of zooplankton and the same concentrations of algae. The intrinsic rate of change (growth or decline) of algal biomass in each microcosm over a 24-h period was regressed against grazer density to estimate grazer clearance rates (the amount of water cleared of algae within a given time) as the negative slope of the regression line. Because nutrient regeneration by daphniids could contribute differentially to algal growth dynamics across the daphniid density gradient and, thus, influence growth-rate calculations, algal-uptake-saturating levels of nutrients (i.e., nutrient-spiked COMBO-see algal culturing methods above) were provided in the experimental media so that the rate of nutrient uptake by algae was independent of grazer density.
Experiments were conducted in 2.5-liter transparent Nalgene bottles. Bottles were filled with 2 liters of nutrient-spiked COMBO. Individual animals of all size classes were counted and sorted into treatments consisting of three replicates of 0, 50, and 100 individuals bottle 21 for experiment 1 and 0, 25, 50, and 100 individuals bottle 21 in experiments 2 and 3, and 0, 25, and 50 individuals bottle 21 in experiment 4. Algae were added at concentrations corresponding approximately to 1.0 mg C L 21 (86,000 cells mL 21 Scenedesmus [Lynch et al. 1986 ]; 31,000 cells mL 21 P. parvum [Grover et al. 2007] , as determined by microscopic counts [Utermö hl 1958] ) to keep food levels above the incipient limiting food concentration (Lampert 1987) . Animals were added to bottles according to a randomized experimental design and bottles were placed on a laboratory bottle roller to create gentle turbulence and prevent settling of particles for 24 h. Bottles were incubated on a 12-h light : 12-h dark cycle (GEE F40 plant and aquarium fluorescent light bulbs; , 30 mmol m 22 s 21 ) and at a temperature of 20-24uC. Chlorophyll concentrations in each bottle were measured by whole-water in vivo fluorescence on 3-mL subsamples from each bottle at 0 h and 24 h. To confirm that changes in chlorophyll concentrations reflected true grazing, 10-mL subsamples were taken from each bottle in experiment 1 and preserved in 1% Lugol's solution and analyzed for algal densities according to the Utermö hl sedimentation method (Utermö hl 1958). At the end of 24 h, all daphniids were collected on a 100-mm-mesh nylon filter, preserved in 70% ethanol and 1% glycerin, and enumerated and measured under a dissecting light microscope aided by digital imagery. Rates of change of chlorophyll, ln(Chl 24 /Chl 0 )d 21 , were regressed against daphniid density to estimate density-specific clearance rates for each food type. Clearance rates on P. parvum and S. obliquus were compared by ANOVA using SPSS statistical software (Statistical Package for the Social Sciences; version 16; SPSS).
Feeding behavior-Daphnia feeding behaviors were observed via playback of high-speed (60 or 250 frames s 21 ) digital imagery of 30-min and 6-h feeding trials. A 4-mL (30-min feeding trials) or 14-mL (6-h feeding trials) optical glass rectangular cuvette was used to house each individual daphniid during recording using a FASTCAM 1024 PCI high-speed digital camera (Photron USA) attached to a horizontal microscope that allowed animals to remain in a natural upright position. Feeding trials were conducted with 7-d-old and 10-d-old individuals of the three Daphnia clones (D. pulicaria, D. pulex, and D. magna) attached with adhesive (3M Super-glue gelH, 3M) to a monofilament line (Wong et al. 1983 ) and suspended in the center of the cuvette. During 30-min trials, daphniid feeding resulted in food depletion over the course of an experiment, as revealed by significant declines in feeding behavior frequencies with time (see Results). In order to prevent food declines below 1.0 mg C L 21 (Lampert 1987) during 6-h feeding trials, the cuvette was attached in line to a 250-mL reservoir via a peristaltic pump that continuously circulated media and algae at a rate of 1 mL min 21 between the cuvette and the reservoir.
Feeding behaviors observed included beats of thoracic feeding appendages (appendage beat rate, ABR), postabdominal claw rejection rate (a proxy for food rejection, RR [Lampert and Brendelberger 1996] ) and heart rate (HR). During 30-min trials, daphniids were offered either 100% P. parvum, 100% S. obliquus, or a 50 : 50 mixture of the two algae. Recordings of 30 s were made at 5-min intervals during 30-min trials (i.e., 5, 10, 15, 20, 25, and 30 min). In 6-h feeding trials, daphniids were offered either 100% P. parvum or 100% S. obliquus and recorded for 30 s hourly. We also examined daphniid behaviors in two nofood treatments, culture medium containing P. parvum culture cell-free filtrate, and filtered (GF/F) culture medium containing no algae or filtrate. Cell-free filtrate was prepared by filtering a P. parvum culture through GF/F filters and adding a volume of filtrate to the feeding chamber equivalent to the volume added to obtain 1 mg C L 21 of P. parvum. Observation of feeding behaviors in the P. parvum cell-free filtrate treatment, when compared to the no-food treatment allowed us to investigate possible effects of toxicity from water-borne extra-cellular toxins. All behavioral observations in 30-min trials were made on 6-13 individuals for each daphniid species and each food treatment, while 6-h trials consisted of observations made on three individuals each of the D. pulicaria and D. pulex clones for each food treatment. No animals were used in more than one feeding trial.
Image sequences were played back at 30 images s 21 or 60 images s 21 and all behaviors were quantified. Mean appendage beat rate, rejection rate, and heart rate for each 30-s image sequence were analyzed for food and time effects by repeated-measures ANOVA (with GreenhouseGeiser df corrections for autocorrelation) using SPSS.
Life history-We investigated possible chronic effects on Daphnia fitness using standard life-history experiments. Neonates of the D. pulicaria and D. pulex clones were collected the morning before an experiment. Individual neonates were arbitrarily pipetted into small jars containing 100 mL of 16 : 1 N : P, 3 g IO L 21 COMBO medium (the same as in the original Daphnia cultures). Food treatments for chronic life-history experiments consisted of both P. parvum and S. obliquus in a gradient of increasing relative abundance of P. parvum (100% P. parvum and 0% S. obliquus, 75% P. parvum and 25% S. obliquus, 25% P. parvum and 75% S. obliquus, and 0% P. parvum and 100% S. obliquus). To examine for possible extra-cellular toxin effects, similar treatments with a gradient of 100%, 75%, 25%, and 0% P. parvum cell-free filtrate plus 100% S. obliquus (i.e., the volume of P. parvum cell-free filtrate added to 100% S. obliquus was the same as the volume of P. parvum culture added to the gradient of S. obliquus in the first experiment). Food (1.0 mg C L 21 ) and media were changed every second day for all surviving individuals. Experiments were conducted in incubators under 12-h light : 12-h dark cycles and 25uC. Each day neonates were monitored for survival, age at first reproduction (AFR, age of individual when first clutch of eggs was deposited in the brood chamber), and first clutch size (FCS, number of eggs in first clutch). Neonates were measured (nearest 0.01 mm) initially and on day 4 and juvenile growth rates (JGR) were calculated as, JGR 5 ln(L D4 /L D1 )t 21 , where L D1 and L D4 are neonate lengths on days 1 and 4 and t 5 number of days. Effects of food treatment were analyzed by ANOVA with SPSS. Only individuals that survived and reached maturity were included in analysis of AFR and FCS.
Results
The D. pulicaria clone consumed S. obliquus at clearance rates of 1.8-6.9 mL individual 21 d 21 (Table 1) . Although P. parvum was consumed at 0-5.4 mL individual 21 d 21 , the mean clearance rates across the four experiments combined were not significantly different.
During 30-min feeding trials, feeding behaviors and heart rates tended to decline with time, but we detected no significant differences in these behaviors across food treatments in any of the three daphniid clones used (Table 2 ). In 6-h trials with either S. obliquus or P. parvum, we detected no significant time or time 3 food interaction effects in feeding behaviors or heart rates, but we did detect a significant reduction in appendage beat rates in both the D. pulicaria and D. pulex clones when feeding on P. parvum ( Fig. 2; Table 3 ). No significant food effects were detected for rejection rate or heart rate. In trials with P. parvum cellfree filtrate or no food, we detected no significant effects of food or time on appendage beat rates of the D. pulicaria clone. Significant time and food 3 time interaction effects were observed for appendage beat rates and a significant food 3 time interaction effect was observed for heart rates in the D. pulex clone. Both effects resulted from dramatic declines in behavior frequencies in or after the fourth hour of feeding. Rejection rates by the D. pulicaria clone were significantly reduced in the no-food treatment compared with the P. parvum cell-free filtrate.
Life-history experiments revealed strong negative effects of P. parvum on both D. pulicaria and D. pulex clones, but only in live-cell treatments. We found drastic decreases in survivorship with increasing relative concentrations of P. parvum (Fig. 3) . JGR also declined with increasing relative P. parvum concentrations (Fig. 4) . No individuals of the D. pulicaria clone in any treatment containing P. parvum survived long enough to reach maturity and produce eggs. Although survival was also reduced in the D. pulex clone, some individuals did reach maturity in the 75% and 25% P. parvum treatments, and AFR and FCS in these individuals was not significantly reduced compared with the 0% P. parvum treatment. In P. parvum cell-free filtrate treatments, survival, JGR, and AFR were not significantly affected by treatment in both daphniid clones. However, we did detect a significant food effect for FCS in the D. pulicaria clone: clutches were significantly larger in treatments receiving P. parvum cell-free filtrate. Table 2 . Results from 30-min feeding trials showing mean (and 95% CI) appendage beat rate (ABR), rejection rate (RR), and heart rate (HR) of D. pulicaria, D. pulex, and D. magna clones feeding on either P. parvum alone (Prym.), S. obliquus alone (Scen.), or a 50 : 50 (by weight) mixture (mix) of P. parvum and S. obliquus. Results of repeated-measures ANOVA indicated significant declines in ABR and HR with time in all three daphniid clones, but no significant treatment (food) 
Discussion
As a small (9-12-mm diameter) flagellate, P. parvum is of suitable size for most grazing zooplankton (Cottingham and Carpenter 1994) . Our grazing experiments revealed that the D. pulicaria clone exhibited little, if any, ability to discriminate against ingesting P. parvum. The short-term behavioral observations confirmed the lack of discrimination. However, the longer term behavioral observations showed clearly that both the D. pulicaria and D. pulex clones exhibited drastic reductions in ABR after the first hour, indicating that feeding rate was depressed in the presence of P. parvum. Unfortunately, we cannot determine whether this decline in ABR reflected an active behavioral switch or simply the physiological effects of toxicity from ingesting P. parvum cells or a combination of both effects. pulicaria and D. pulex clones feeding on either P. parvum (grey circle, solid line) or S. obliquus (white circle, solid line) or either P. parvum cell-free filtrate (grey square, dashed line) or no food (white square, dashed line). Beats of thoracic appendages (appendage beat rate, ABR), postabdominal claw rejection rate (RR), and heart rate (HR) were recorded for 30 s at 1-h intervals throughout a 6-h time period. Probability values for food, time, and food 3 time interaction effects are presented in Table 3 . Table 3 . Probability statistics from of repeated-measures ANOVA (with Greenhouse-Geiser correction of df) for food, time, and food3time interaction effects from 6-h feeding trials with D. pulicaria and D. pulex clones feeding on either P. parvum or S. obliquus (P. parvum vs. S. obliquus) or either P. parvum cell-free filtrate or no food (CFF vs. no food). ABR, RR, and HR as in Because rejection rates and heart rates did not consistently reflect such a change, we hypothesize that the reduction in ABR was a behavioral change. Rejection rates by the D. pulicaria clone when feeding on P. parvum were initially higher than when feeding on S. obliquus, but tended to be lower for the duration of the experiment ( p 5 0.055). By contrast, rejection rates of the D. pulex clone tended to be higher when feeding on P. parvum (p 5 0.067). Interestingly, a reduction in ABR in the 6-h behavioral observations seems to contradict the results of the 30-min behavioral trials and the grazing experiments, in which there were no differences in feeding or feeding behaviors between trials with P. parvum and S. obliquus. However, examination of ABR during the first hour of the 6-h trials reveals that feeding rates on the two food types were similar in both sets of feeding trials, and only diverged after the first hour. Thus the first hour of the 6-h experiments and the results of the 30-min experiments are actually in agreement. Nevertheless, the results of the 24-h grazing experiments are contradictory-the D. pulicaria clone consumed P. parvum at rates similar to those for S. obliquus. We suspect that this difference lies in variability in toxin production by the various P. parvum cultures used. Although only a single strain was used and culture conditions were identical across all experiments presented herein, we have noted considerable variation in toxicity, as determined by juvenile fathead minnow LC 50 bioassays, within a given set of culture conditions (K. D. Hambright unpubl.). The 24-h to 48-h toxicity assays conducted prior to experimentation assured the cultures were indeed toxic to juvenile fathead minnows and presumably toxic for zooplankton as well. Therefore, it is possible that the P. parvum cultures used in the grazing experiments simply may have been less toxic (with the possible exception of experiment 4 in which P. parvum were not significantly grazed) than the cultures used in the behavioral trials. Future work using extracted toxins that can be better quantified and controlled would likely dispel with much of the variability inherent to the use of living cultures and, thereby, allow a clearer interpretation of the roles of these toxins in nature. The no-food treatments (including the P. parvum cellfree filtrate treatment) resulted generally in predictable behaviors with high ABR and low rejection rates. Previous studies have demonstrated that daphniids will increase feeding-rate behaviors in a no-food environment in attempt to find food (Lampert 1987) . Also characteristic of this pattern is the near cessation of feeding in the D. pulex clone at 4 h, followed by very low ABR, also necessary for gas exchange (additional role of beating appendages) at 5 h and 6 h. Nevertheless, the nearly four-fold drop in heart rate indicates that a lack of food and very low ABR are detrimental. We suspect that lack of a similar reduction in ABR in the P. parvum cell-free filtrate trials may reflect a obliquus and P. parvum in relative concentrations (by weight) of either 0%, 25%, 75%, or 100% P. parvum (upper panels) or S. obliquus with P. parvum cell-free filtrate (lower panels) in volumes equivalent to the volumes of P. parvum used in the live-cell treatments. Percentages of P. parvum and P. parvum cell-free filtrate indicated. ANOVA probability values indicated for live cell ( p C ) and cell-free filtrate ( p CFF ) experiments.
high abundance of bacteria that may have passed through the GF/F filter or a chemical 'taste' in the filtrate (Burns et al. 1989) . The delivery method of toxin uptake certainly influences variation in individual physiological responses in the presence of toxic P. parvum, whether ingested or absorbed through exposed membranes.
In general, life-history experiments revealed strong negative effects of P. parvum on daphniid fitness, with declines in survivorship, growth rates, and fecundity. While P. parvum toxicity appeared to affect the D. pulicaria clone in terms of both growth rates and reproductive output more strongly than the D. pulex clone, the apparent lack of reproductive effects in the 25% and 75% P. parvum treatments would likely be outweighed by the severely reduced survivorship. Interestingly, previous 4-d to 7-d experiments with the same D. pulicaria clone (Kohmescher 2007) suggested that a considerable fraction of P. parvum effects were transferred directly by extracellular toxins, with the majority of toxicity due to ingestion of live cells, while our 9-d to 10-d experiments revealed no toxicity in the P. parvum cell-free filtrate. Nevertheless, preliminary results from experiments using extracted toxins indicate that waterborne toxins, when present, can pose similar significant detrimental effects to daphniids (Remmel 2010) .
Toxic phytoplankton and zooplankton interactions have been documented heavily since the 1980s, particularly with respect to fresh waters and cyanobacteria. Early studies focused on separating the effects of food quality vs. toxicity (Lampert 1981) and only after advancements in toxin extraction, purification, and identification did it become clear that toxicity was a major factor behind observed negative effects (Demott et al. 1991) . While studies continue to increase our understanding of the role of food quality in zooplankton ecology (Gulati and Demott 1997; Demott 1999 ), a variety of phytoplankton toxins have since been implicated in negative effects on zooplankton feeding, growth, and reproduction in both marine and freshwater systems (Turner and Tester 1997; Rosetta and McManus 2003; Cohen et al. 2007 ). However, our study is the first to examine the toxic effects of P. parvum on cladoceran feeding rates, behaviors and life-history characteristics. Our results suggest that while major fish kills represent the most easily recognizable effect of P. parvum invasions and blooms, indirect effects on fish through negative consequences for zooplankton may be an even more serious threat, especially because the effects observed in our experiments all occurred using densities of P. parvum far below typical bloom densities. For example, blooms in Lake Texoma approach 200,000 cells mL 21 (Hambright et al. 2010) while our experiments were conducted with # 31,000 cells mL 21 and we observed marked reductions in daphniid survival, growth rates, and fecundities at P. parvum densities as low as 7750 cells mL 21 (see Figs. 3, 4; 25% P. parvum treatments). Also anecdotal evidence has suggested that fish kills are more typically associated with densities of P. parvum . 40-50,000 cells mL 21 (J. Glass, Texas Parks and Wildlife Department, pers. comm.). Nevertheless, our results suggest that the mere presence of P. parvum, without a bloom, can still potentially harm zooplankton populations and, thereby, negatively affect fish populations without a noticeable fish kill. Moreover, although there has been debate regarding the role of allelopathy in suppressing growth in competitors and thereby contributing to formation of harmful algal blooms (Jonsson et al. 2009 ), our results clearly show that toxicity to grazing zooplankton at low P. parvum densities could conceivably contribute to the ultimate formation of a bloom.
A pressing question remains-how will P. parvum affect zooplankton assemblages in the long term? Evidence from the study of other HABs, such as cyanobacteria, suggests that adaptations and increased tolerances to toxins during bloom conditions may allow for coexistence by some zooplankton and toxic phytoplankton (Gustafsson and Hansson 2004; Sarnelle and Wilson 2005 ). Moreover, differences in feeding behaviors among zooplankton species are thought to contribute to the prevalence of copepods in systems with abundant cyanobacteria (Hambright et al. 2007) . Such longer term responses might be expected to lessen higher trophic-level effects of HABs. While our results indicate variability in both feeding behavior and tolerance to toxins among the daphniid clones tested, use of other lineages could reveal important genetic variation within these Daphnia species that could potentially affect population-level susceptibility to P. parvum toxins. Nevertheless, life-history effects were so severe in the clones used it is unlikely that such variation would translate into population-level coexistence with P. parvum (Sarnelle et al. 2010) . By contrast, preliminary study indicates that copepods may be less susceptible to P. parvum toxins (Remmel 2010) . Indeed, during the P. parvum season in Lake Texoma, zooplankton species composition shifts to dominance by the calanoid copepod Eurytemora affinis, several cyclopoid copepods, and small cladocerans in areas with abundant P. parvum, whereas D. parvula and other daphniids continue to dominate the zooplankton assemblages in areas with lower P. parvum abundances (Hambright et al. 2010) .
P. parvum is an invasive and harmful algal species that produces a number of toxins (Shilo 1971 (Shilo , 1981 . Igarashi et al. (1999) identified the toxins prymnesin 1 and prymnesin 2 as two potent ichthyotoxins. However, recent work by Henrikson et al. (2010) found that the primary toxins in our cultures and in Lake Texoma were galactoglycolipids, collectively called parvisides, with most toxicity in laboratory cultures due to the derivative stearidonic acid, a fatty acid component that is freed from the parvisides by esterase activity. Although our studies presented herein incorporate live cell and cell-free filtrate toxicity experiments, it is crucial to further investigate the possible confounding effects of food quality and toxicity to filter-feeding zooplankton. Thus, our current research objectives are analyzing direct toxicity effects on various aquatic biota via extracted toxins.
Overall, nonnative species invasions are increasing worldwide and may potentially cause distress to native species biodiversity and ecosystem function (Lockwood et al. 2007 ). The far-reaching consequences of the microbial and toxigenic P. parvum could be severe to competing algae, herbivorous zooplankton, and planktivorous fishes. Our research has demonstrated that filter-feeding daphniid zooplankton may not recognize P. parvum and their toxins as being detrimental, particularly at low cell and toxin levels. Consequently, daphniids may show no discernible behavioral changes when grazing on P. parvum compared to when they are feeding on higher quality food resources, such as S. obliquus. Nevertheless, the consequences of P. parvum ingestion by daphniids are severe, with negative effects on important life-history characteristics that greatly reduces an individual's fitness (Lampert 1987) . Given the general importance of daphniids in freshwater ecosystems, such effects could translate to extensive negative consequences throughout the food webs of invaded systems.
